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ABSTRACT 
The surfaces generated and the liquid within a stress co-
rrosion crack in Naval brass ( CDA alloy No. 465) propagating 
in Mattsson's ammoniacal solutions, 1 Min ammoniacal species 
and containing initially 0,05 g-atom/1 dissolved c~pper, were 
studied over the range of pH 5,3 to 7,2. The surfaces generat-
P~ in the stress corrosion crack were prepared for study by 
rapidly removing the liquid inside the crack, prior to fractu-
re, followed by a thorough washing with distilled water, after 
fracture, avoiding the contamination of the fractured surface 
by the corrodent. The liquid in the crack was isolated for stu-
dy by removing it from the cracked surfaces. 
Auger electron spectroscopy tests performed on a control 
sample, immersed in Mattsson's solution of pH 5,3 without stress-
ing, showed that there is a moderate dezincification on the sur-
face layers: likewise, tests performed on cracked surfaces 
showed that for all the pH's studied the stress corrosion crack 
follows a zinc rich path and that the stress corrosion generat-
ed surfaces are depleted in zinc when compared with the surfa-
ces resulting from fracture of the material after removing the 
specimen from solution. 
Spectrophotometric analysis of the liquid indicated a low 
copper and zinc concentration, 1,1 and 0,760 at pH 7,2, 1.0 and 
0.98 at pH 6,6, and 0,8 and o,426 at pH 5,J, were the arithme-
tic average of copper and zinc concentrations respectively in 
g/1, suggesting a moderate rate of corrosion within the stress 
', 
',; 
r 
corrosion crack. Likewise, they showed a copper to zinc 
ratio, 0.88 at pH 7,2, 0.76 at pH 6.6, and 0.79 at pH 5,3, 
lower than that of the alloy, 1,5, showing that the stress 
corrosion cracking of Naval brass in Mattsson's solutions 
is accompanied by moderate dezincification. The corrosion 
rates within the crack were estimated similar to that of 
-2 -2 -2 
the specimen as a whole, 6,0xlO against 9,65x10 ~20.4x10 
-2 
at pH 7,2, 5.8 against 5,3x10 at pH 6.6, and 3,5 against 
in mg/cm2/hr·) at pH 5.J.The 
-2 
3,3x10 ( all rates expressed 
much lower rate at pH 7.2 was explained by depletion of 
reacting substances within the system, 
The Pourbaix diagrams were calculated for pure copper 
and pure zinc immersed in Mattsson's solutions containing 
-2 
10 M of dissolved zinc and copper. Potential measurements 
- ' \ 
made oh brass specimens, when used with t~ Pourbaix diag-
rams,showed that for pH 5,3 the formation o~cu2o and Zn++ is 
possible, while at pH 7,2 Cu(NH3)2\s well as ~'1!_]{) 2 are 
expected as corrosion products, Around pH 6,6 are ~e boun-
+ daries of the following equilibria1 cu2o - Cu(NH3)2 and 
++ Zn(OH) 2 - Zn(NH3)4 • 
Stress corrosion cracking of Naval brass is produced 
by the action of the ammoniacal solutions on certain zinc 
rich paths, which localizes the attack and reduces the 
effective areas sustaining the stress till a level where 
fracture results. 
2. 
. -,·~··----~ 
1.- INTRODUCTION 
The failure of alloys by the combined action of moder-
ate external or internal stresses, and specific chemical 
environments; with a macroscopically brittle fracture, 
and with the characteristic that no failure is present in 
the material when one of these factors is absent, is usually 
known as stress corrosion cracking, SCC, a form of localized 
corrosion, that has long been recognized as a special 
problem of copper-zinc alloys. 
The susceptibility of brass to this kind of failure was 
first experienced at the beginning of this century, when 
brass cartridge cases used by the British army developed 
2 
unexplainable cracks on storage • After these first inci -
dents, sec has been confirmed as the costly cause of manr-
failures in parts of equipment made of brass. 
'·i 
The reason for these failures has been associated 
with the probability that the various controlling factors 
3 
are present. These factors correspond to a favorable con-
centration of ammonia or of the other chemicals that have 
been linked to the phenomenon, the presence of water, a 
sufficient amount of air, an appropriate stress load, and 
susceptibility of the alloy to sec. 
The work reported herein is directed to a study of the 
mechanism of SCC of o<-~ brass in dilute aqueous ammoniacal 
solutions, centering the attention on the events occurring 
in the neighborhood of the crack tip, specifically on the 
4 liquid side, continuing previous efforts made in this 
direction using concentrated equeous ammoniacal solutions. 
This type of solution has been chosen because ammonia 
has been traditionally considered as a specific requirement 
for sec to occur, although the phenomenon can also happen 
1 in aqueous solutions containing either nitrates, or tartra-
'1 5 6 l tes, or citrates • As proposed by Hoar and Hooker , one _t', 
of the functions of ammonia in promoting crack growth is 
its action in providing a soluble Zn (II) specie, so that 
zinc atoms can be selectively removed in the earliest 
stages of crack initiation. Other environmental factors, 
such as the presence of moist~re and oxygen, are equally 
important and are accounted for in the formulation of the 
solutions. 
4 
Previous work , conducted in concentrated ammonium 
hydroxide containing 8 g/1 dissolved copper, suggested de-
zincification at the base of the crack, no measurable pH 
changes in the liquid within the stress corrosion crack, no 
anodic character of the crack with respect to the external 
~ surface, and cast doubt on the idea that sec is a conse-i 
quence of the formation of a brittle oxide in those cases I 
-l 
.l where a tarnish film is formed on the external surface. j 
,1 
] Based on these results the objectives of this work i, j 
· were directed towards confirmation in other ammoniacal 
\ environments specially suited to observe changes in behavior 
7 with changing conditions of pH. Mattson's solutions , now 
·4 
.. -·--.--.·· ~-· .,. .. · .. ..,,_ __ .. ' 
I 
1 
I 
I 
.), 
,::i 
being considered as a possible standard environment for sec 
8 
tests on brass specimens , were chosen for study. 
The results obtained before have indicated that the 
techniques used for determining the characteristics of the 
liquid inside the stress corrosion crack were acceptable in 
the case of concentrated ammonium hydroxide solutions. For 
the present case of dilute solutions they have been adapted 
and modified where pertinent. The visual aspect of the 
stress corrosion crack surface, definitively different to 
that of the external one, has justified the importance paid 
in this work to the characterization of this surface by 
means of Auger Electron Spectroscopy with the aim of both 
determining surface corrosion products and comparing the 
relative surface concentrations of copper µnd zinc with those 
obtained by means of analysis of the liquid within the 
stress corrosion crack. 
The present treatment of the problem focuses its 
attention on electrochemical aspects, without the intention 
of ignoring other important factors involved in and around 
a propagating stress corrosion crack, such as those of a 
q 
mechanical nature. As pointed out by Birley and Tromans 
several models of sec of ~-brass in ammoniacal solutions 
l 1 have \ emerged in the past, corresponding to the usual four 
J 
I 
:-1 
I 
J currently found in the field.of SCC: t 1) continuous anodic 
dissolution of metal at the tip of the crack, (2) preferen-
tial dissolution at specific electrochemically active sites 
5 
. I 
! 
' \ 
,, 
I 
I 
I 
I: 
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' t. 
f 
i 
I 
I 
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at the tip of the crack, (3) lowering of surface energy 
by·adsorption of complex species, (4) formation and 
fracture of a brittle oxide. 
' , ; . 
. I 
i . 
. I 
'., 
\ 
2.- THEORETICAL CONSIDERATIONS 
2.1 Mechanisms of sec 
Possibly as a result of the considerable attention 
that has been paid to the determination of the mechanism 
'.i1 of sec of brass, in aqueous ammoniacal solutions, !:! 
::) substantial controversy exists and several models of sec \ 
l 
have emerged. These models can be classified in four 
categories that were already mentioned in the previous 
section and will be presented here. 
6 
Hoar and Booker suggested that the tarnishing of brass 
in Mattson's solutions over the pH range 4,0 - 7,5, where 
there is formation of black film on the brass surface, and 
apparently no formation of film on a pure copper surface, 
is the result of several reactions; the first, anodic reac-
tion, is the dissolution of zinc from the brass surface and 
the cathodic reaction is the reduction of Cu tIIJ. When 
the porous copper surface becomes activated, the formation 
of cuprous oxide in an anodic reaction is feasible. At this 
point it is interesting to note that the anodic dissolution 5 
of copper is possible also as confirmed by the work of 4 Leidheiser and Kissinger, who found for the liquid inside 
the crack that both zinc and copper had dissolved. Likewise 
J the formation of the oxide film on the stress corrosion ~ ;I 
cracked surface appeared substantially suppressed probably 
by t~e continoue emergence of freshly exposed surfaces 
with the dissolution of both copper and zinc as the preferred 
7 
.I 
I, 
r 
I 
I 
6 
anodic reactions. Finally, Hoar and Booker propose a 
mechanism of sec with an initiation step consisting of 
localized dezincification and formation of a black film 
that intensifies local attack at grain boundaries, and 
a rapid propagation step involving a single stage yield-
assisted anodic dissolution. Later work of Hoar, Podesta, 10, 11 
and Rothwell established other interesting points 
about this model. First, on isolated brass in near neutral 
solutions of Mattson's type, Cu2o as well as Zn (OHJ 2, can 
be obtained as solid products which protect the static 
sides of a crack but accompanied by rapid dissolution of 
its advancing edge where the main reaction is the formation 
of zinc ions or zinc complexes. Second, a proportion of 
the propagation can be non-electrochemical, because tests 
performed on yielding specimens at constant potential 
suggest that the mean anodic current at fracture cannot 
account for the rate of crack propagation. Third, disso-
lution on static metal comes from a very small density of 
fairly active sites, while on yielding metal it proceeds 
from a very large density of less active sites produced by 
yielding. To the original model is thus added the idea 
of dissolution at active sites. 
Electrochemical dissolution of material as affected 
~ by microstructural imperfections has been proposed as the 
mechanism for sec in FCC alloys but there is disagreement 
1 
on the type of imperfections preferentially attacked. 
B 
. ! 
. I 
! 
r 
I 
I 
I, 
r 
I 
12 
Tromans and Nutting based on electron microscopy obser-
~ vations of some single phase copper based alloys show 
-r 
'.1: 
' ·"i 
1 
'j 
. ·l 
·, 
l 
that dislocations, created by stressing, furnish zones 
subject to preferential dissolution, and are the main 
sites of crack initiation in both intergranular and 
transgranular modes of failure. The preferential dis-
solution in zones where the dislocations reach a high 
density causes a series of pits to join in a path that 
forms a crack. 
The dissolution in areas rich in dislocations is con-
12 
sidered by Tromans and Nutting to be dependent upon 
segregation of solute atoms, to these defects during 
stressing,which contributes to enhance the "reactivity" 
· of these sites. In the aspect of crack propagation, a 
mechanism that is primarily one of continuous accelerated 
12 
corrosion was proposed by these workers as suggested by 
,the fact that the load vs. time curve found for brass was 
a continuous one and did not have the broken appearance 
that would be expected in the case of slow chemical attack 
;and rapid brittle fracture. The continuous aspect of the 
i !load vs. time curve seems not to be a sufficient condition 
., 
1or stating that the process is continuous because if the 
J, 
~teps are not of a macroscopic order or if the surface 
:; · s failing in more than one site the effect cannot be 
etected on an Instron machine. 
13 
Pickering and Swann examined samples by transmission 
9 
,. ' 
., 
,. 
·'· I 
'------/ ii::;_·_:·~-~~;?:=:~-~- . :::·:- -=-~~-- ~--~= '--~~.::::~. ---~~=-...·,_;_·" ._;.. --'------- ~ 
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i ' 
''( 
! 
I 
electron microscopy and observed that brass specimens under 
the action of "cracking" solutions deyeloped a localized 
pittint or tubular form of attack, whereas the "non-cracking" 
solutions caused a uniform surface roughening. These authors 
} explatn the formation of pi ts by chemical l compositional) 
;1 
rather than by physical (dislocations or others) disturbances 
and propose a mechanism of sec consisting of the following 
steps, ( 1 ) tubular pits are initiated at solute rich slip 
steps, ( 2) ductile tearing along a plane containing the 
tubular pits where the stress is increased because of the 
reduced cross section and the stress raising effect of 
the pit. This mechanism, although similar to the preced-
ing one of Tromans and Nutting 12 , is inherently discon -
tinuous, since the pitted structure must appear first fo -
llowed by failure, but it is still a mechanism of prefer-
29 
ential dissolution of active sites. Pugh and Westwood 
added to this model of preferential dissolution of active 
) 2+ sites the role played by the copper complexes, Cu(NH3 n , 
suggesting that as the zinc forms an extremely stable com-
~lex with ammonia then, for Cu- Zn alloys, the cupric com-
' 
~lexes react preferentially with Zn. Later, Pugh, Craig, 
, 14 
f3-nd Montague pointed out that the sec occurs in Cu-Ni 
; 
.'j 
·tlloys, Cu-Al alloys and pure copper in montarnishing so-
i utions even though Ni and Al do not form stable complexes 
L i th ammonia. They concluded that the failure results from 
, 
I he reaction of the cupric complexes with the copper lattice 
; tself, without a special role of the solute atoms. The 
10 
; ' 
r 
'I 
:$~ --· 
- .,. 
4 
results obtained by Leidheiser and Kissinger, showed in 
this respect that both copper and zinc dissolve in the 
liquid inside the stress corrosion crack, with zinc 
dissolving at a greater rate. 
15 
Johnson and Leja associated rapid cracking with a 
drastic surface free energy decrease caused by the 
'1 
" 
.\ adsorption of an intermediate copper-zinc ammonia complex 
which is catalytically formed at the brass-solution 
interface and is surface active. The agent of the failure 
was not identified but they based their suggestions on the 
linear relations found between (a) log 1/tc vs. log cu++ 
and (b) 1/tc vs. 1/T, that suggest a relation between rate 
++ of reaction and temperature, where tc, Cu and Tare 
cracking time, initial copper concentration, and temperature, 
respectively. These authors also pointed out that the 
presence of the black tarnish is not a prerequisite for 
cracking to occur in Mattson's solutions and reported that 
the liquid inside the cracking system presented no pH changes. 
: They considered their mechanism essentially one of two steps, 
. a slow initiation period where surface reactions occur and a 
i very rapid crack propagation, that can be treated as conse-
k1 k2. 
.\ cuti ve reactions, A- B -- C. In conclusion, the results of j . 15 
, jJohnson and Leja , show that the failure is closely related 
·;t to the chemistry of the syst'em, though the final cause can 
'.,• 
. / be other than the formation of surface active products. The :, 
, other mechanisms implying chemical reactions could as well 
explain the dependence of time to cracking with temperature, 
t1 
t ,1 
I 
I 
i 
. l 
I I . 
[ 
i . 
• -••-·•--•-- •-•,-~- ,H• '" • ' ••••--" -·•_.,.;..--. .. ~ •. , ...... ~ 
'. i!T~ ~~~~:::~;;~~;;::··-c;.'.i~:~- ~_'=~~e--ccc~. . 
i : 
i 
i 
! 
~ 
I 
·:~ 
!I 
' 
,, 
because of the fact that reaction.rates in general follow 
an Arrhenius type relationship. 
Finally there exist those who support the idea that 
in tarnishing solutions, the major cause of the failure 
is the continuous formation and rupture of the tarnish 
9, 16, 17 
film Early propositions in this sense invoked 
1 the idea that the tarnish film is essentially brittle and 
,, 
that its rupture depends either upon the stress concentration 
resulting from a pile up of dislocations at the alloy film 
16 17 
interface , or on the motion of dislocations in the tarnish. 
A later proposition focused the cause of the film rupture 
upon the penetration of the alloy by a surface layer of 
9 Cu2o until reaching the head of a series of dislocations , 
piled up against a barrier, that emerge parting the tarnish 
film and exposing a fresh step of metal. The main differences 
between the several models of tarnish film rupture lie in 
the specific nature of the film and in the antecedents 
7, 15 
of its formation. In Mattson's solutions , from pH 6.3 
to 7,3 a black shiny film, known as the tarnish, is formed 
,on 70:30 brass surfaces. There is general agreement in 
; 
.; recognizing that this film is mainly composed of cuprous ~ 7 
· J oxide as has been shown by Mattson on the basis of micros-
j 16 
jcopic examination, by Forty and Humble 
;"ring patterns obtained during electron diffraction experiments 
•. 15 
on tarn~sh flakes; and by J_ohnson and Leja 
on the grounds of 
on 
i 
· he basis of X-ray diffraction patterns and polarographic 
-12 
i 
i 
. :.1~ 
6 
analysis of the tarnish powder. Hoar and Booker, have 
also confirmed the presence of cuprous oxide in the tarnish 
18 
using an X-ray diffraction technique. Jenkins and Iiurhan 
in an interesting study of film formation on copper and 
' alpha brass in aqueous cupric-ammonia systems found by 
···~ means of electron diffraction studies that the tarnish 
'ii 
·\ 
,' formed in 15 M ammonia is composed of cuprous oxide and 
zinc oxide, in a relation similar to that of the alloy 
and showing only a moderate zinc depletion, and that the 
tarnish film is protective but not passive in nature. The 
conditions existing on the surfaces corresponding to the 
9 
cracked material have been studied by Birley and Tromans 
who found that a film is also present, though the different 
visual aspect suggested that its thickness is much less 
than that of the external film. This internal film was 
8lso identified as cuprous oxide using an electron diffraction 
9 
. technique. The mechanism of film rupture, previously 
related to tarnishing solutions causing an intergranular 
·. fracture in the material, has been extended to nontarnishing 
· solutions in which a transgranular type of fracture is observed. 
'The mechanism of formation of this film has been much debated .. 
;but it now appears that the tarnishing proceeds 17 by the 
·~ . 
~1·formation and growth of several nuclei and that the growth 
Jis prevented in nontarnishing solutions by dissolution 
:i 
:• 
;processes taking place at the same time. There is no 
'. ~greement about the structure of the tarnish. Some early 
lJ 
·-· ··-·---·-·-· .... - • - .. •- .•. '~~-····-·--, ..... », .... -~ .• •• ~ 
--· ~----- ··-·· . -·_.:.....:.::..._.:····-· ·--·-~-
12, 19 
observations seemed to show that this film is porous 
while others, specia.lly those obtained from studies of 
5, 17, 20 
the rate of growth of the tarnish , suggest that 
21 
the oxide is fully dense. Green, Mengelberg and Yolken , 
in an ellipsometric study of the oxide growth for pure 
copper and series of alpha brasses, found that the rate of 
growth of the oxide obeys a linear law and consequently 
that the tarnish is porous and that the rate of tarnishing 
increases with increasing zinc content of the brass, in 
. 6 
agreement with early observations of Hoar and Booker. 
16, 19 
Electron microscope studies performed by Forty and Humble 
show that the porous tarnish is an aggregate of small 
platelets, about 500A 0 in diameter and lOOA0 thick, and 
22 
Birley and Trornans using a radioactive copper tracer 
(29 Cu64 ) have obtained results suggesting that the oxide 
is effectively formed by deposition from solution. Green 
23 
and Pugh studied the tarnishing process in citrate and 
tartrate solutions and established that the tarnish is 
mainly cuprous oxide. The rate of tarnish growth in these 
.solutions increases with increasing content of zinc in the 
brass, results similar to those obtained for aqueous 
ammoniacal solutions. The rate of tarnishing obeys a 
iparabolic law as deduced from ellipsometric studies. In 
II , Jth1s respect it should be pointed out that the relatively 
.1 
,\ 
:,\high rate of growth of the tarnish cannot be explained 
· .. 
J 
1l 
.-:,, 
i 
14 
-·-·-········ ... -·.~ .. ·--·--.--~ ··--·----.-···- ~ ..... 
,!~ 
.-·t 
by solid state diffusion an intrinsically slow process. 
· The parabolic character of tarnish growth in these 
solutions may possibly be explained by, the slow diffusion 
of heavy complexes through the pores. 
In conclusion, there are strictly speaking no mecha-
'.; nica.l mechanisms of sec. All mechanisms are based on 
circumstances that occur as a result of the chemical reac-
tions going on in the system, these circumstances joining 
with stress and resulting in a growing crack. 
2.2 Chemistry of the System 
The study of the ~emistry involved in the problem of 
sec of brass in Mattson•) solutions has been performed 
mainly with the aid of equilibrium potential /pH diagrams 
11 k P b . 24 genera y nown as our a.ix diagrams. The diagrams pres-
ent zones of thermodynamic stability for the main substan-
ces involved in the system. The practice until present 
has been to construct the equilibrium diagrams for pure 
copper and zinc and then to obtain information by the 
simultaneous consideration of both diagrams. This procedure 
though not strictly correct has furnished valuable infor-
imation and has provided a useful tool in the general problem 
;of SCC of brass o Mattson constructed potential /pH diagrams 
.; 
_for the copper-water-ammonia system, 0.05 Min copper added 
" '$ :fs copper sulfate, and 1.0 M in total ammonia added partly 
,;! 
ammonium sulfate and partly as concentrated ammonium 
ydroxide and for the zinc-water-ammonia system, 1.0 Min 
·~ 
·' 
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total ammonia and 0,01 Min dissolved zinc. Johnson 
25 
and Leja proposed some modifications on the copper diagram 
of Mattson assigning a new field for cuprous oxide at 
pH) 11. and suggesting that the soluble copper complexes 
2+ ) 2+ ) 2+ th } Cu(NH3) , Cu(NH3 2 , and Cu(NH3 3 should replace e 
oxide fields around the pH range 5.0- 7.3. Letowski and 
'11 26 
,\1 
1 Niemiec criticised the importance of the mentioned 
complexes and showed that the solid oxide is more stable 
27 
• than the soluble complexes. Later Hoar and Rothwell re-
calculated the complete Cu-H2o- NH3 potential /pH diagram, 
for the original Mattson's solution including the oxidation 
21 
of ammonia to nitrite. Booker , following the lines of 
Letowski and Niemiec, showed the dependence of the conjugate 
zinc oxide phase domains on the concentration of dissolved 
zinc and ammoniacal concentration. Superimposed Pourbaix 
diagrams of Cu and Zn are presented in Figure 1., according 
27 
to the equilibrium equations of Hoar and Rothwell , and 
with their data on standard chemical potentials. Their 
refinements concerning the oxidation of ammonia to nitrite 
are not used and the concentrations of dissolved copper 
and zinc were both taken as 10-2 M. 
The importance of these diagrams in the treatment of 
Yfe sec problem of brass has been accepted since Mattson 7 
i 
•'howed how the results of his experiments could be correlated 
~l 
ij th the general features of the diagram. Mattson found 
', 
the susceptibility of brass to cracking which he 
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1. Superimposed Pourbaix Diagrams of Copper and Zinc 
with 1 M Total Ammonia, Partly as Ammonium Hydroxide 
and Partly as Ammonium Sulfate, with 10-2 Min Both 
Dissolved Copper and Zinc. 
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related to time-to-failure, could be correlated with the pH 
of the solutions, the maximum susceptibility corresponding 
to the range of pH 6.0 to 7.5, where a black tarnish film 
is developed on the brass surface. Mattson also related 
• the initial potential of his test specimens in the solutions 
-., 
'.! 
~·, under study, finding that these potentials and the pH of 
·'' ;'"; 
. ,:·.1 
J the solutions, could indicate the more stable reaction 
· / products. 
An effort to indicate in part how the overall problem 
of constructing a unified Pourba.ix diagram could be attacked 
is presented in Appendix 1 and some of the difficulties 
found are pointed out. The main reactions proposed for 
the SCC of brass in Mattson solutions can be classified in 
.four sp'ecific groups, one group corresponding to the zone 
of very high pH, another corresponding to the range of 
:PH 7.5 to 11.0, another in the near neutral zone and finally 
. one in the zone of pH < 5.0 . The first group was exten-
28 
sively treated in the M. s. Thesis work of R. Kissinger 
;for 15 M ammonium hydroxide solutions. This system is not 
.(Mattson 1;S type but the reactions expected should be similar. 
]The third group presenting good conditions for the development 
. ) 
;! 
jof cracks in brass materials was chosen as the object of 
;.,r 
}hhe present work. The main features in the range of pH 
,i 
.:. of 5.0- 7. 5, are the presence of a black film on the surface 
i. 
:~ 
C of specimens immersed in the solutions, and the r·o1e played ., 
\¥ 
i by the ammonia that in the Ui!Per limit.,:of pH is capable of 
arming stable zinc and copper complexes and in the lower 
18 
5,6,9,10,7,15 
limit is not. Several reactions have been proposed , 
and those that have become generally accepted are described 
in the following paragraphs. In near neutral solutions the 
anodic reactions proposed are, 
The anodic reactions in the lower pH limit are mostly 
based in the action of ions alone, 
Zn= zn++ + 2e 
Cu= Cu++ + 2e 
,/ 
I 
The corresponding cathodic reactions mainly cited are: 
)++ + 2Cu(NH3 2 + H20 + 2e = Cu2o + 4NH3 ·+ 2H 
) ++ - ) + Cu(NH3 2 + e = Cu(NH3 2 
Cu(NH3);+ + 2H+ + e- = CutNH3); + 2NH; 
Cu(NH3)!+ + 1/2 H20 + e- = 1/2 Cu2o + NH; + 3NH3 
o2 + 2H20 + 4e- = 40H-
Another reaction cited as possible is, 
2Cu(NH3 )J + 20H- = Cu20 + 4NH3 + H20, and it has 
j been mentioned as the agent of tarnishing in Mattson's 
'.f 
'.].i 
] tarnishing solutions. At the lower pH limit there is the 
l 
,i 
~ possibility of copper deposition specially if the cu++ 
•1, concentration in solution is sufficiently high. 
As could be seen in the general discussion of proposed 
19 
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mechanisms, all mechanisms agree that the zinc goes into 
solution at a higher rate than the copper, Experimental 
4 
:/ confirmation exists in the work of Leidheiser and Kissinger ,. 
' 
<iin concentrated ammonium hydroxide solutions. 1 29 \1 Works performed by Pugh and Westwood and by Pugh, 
i 30 
:~ontague, and Westwood have shown the importance of the 
~upric complexes and suggest that reactions responsible 
,for the tarnish are reactions of the type: 
++ + Cu(NH3)4 + H20 = 2NH4 + 2NH3 + CuO 
The concentration of these ions markedly affects the 
stress corrosion life of the brass, determines the mode 
of failure, and increases the rate of dissolution. This 
effect has been explained by an autocatalytic reaction 
between the complex ions and copper atoms at the brass 
surface. 
The process consists of the reaction, 
++ 
Cu(NH3)4 + Cu surface= 2Cu(NH3); followed by 
(02 + NH3) 
= 
++ 2Cu(NH3) 4 
Several tests performed in moist ammonia vapor 
5 
31, 32 
and in tarnishing and non-tarnishing 15M aqueous ammonia 
., 
~olutions containing 8 g/1 show that, in general, the suscep-
,,1 
,\ 
,/ 
~ibility of brass to SCC is increased when the zinc content 
1 
qf the alloy is increased •. An exception is experienced 
1 
non-tarnishing solutions where a change of behavior 
·· ccurs between 10 and 20%. This change is explained by two 
ifferent mechanisms of sec taking place in non-tarnishing 
2.0 
I 
,.•, I 
solutions, where for a zinc content from Oto 10% the 
failure is intergranular and for one greater than 20% 
_1 • the failure is mainly transgranular. These observations 
'~ 
~ have been related to the different dislocation structures 
;\·~ 
''-' j of the alloy in the two ranges of zinc content. 
::~ 
., 
.'/ 
Dezincification, or preferential removal of zinc, 
can certainly play an important role in the mechanism of 
sec though its influence cannot be regarded as controlling 
because pure copper cracks in non-tarnishing solutions and 
some solutions causing intense dezincification do not induce 
1 
sec. Leidheiser condenses the main characteristics of 
dezincification and points out that there are two types of 
dezincification, layer type or plug typ-e, depending upon 
whether the attack has spread in a lateral direction or 
whether it has penetrated perpendicularly into the metal; 
that the rate of dezincification depends on the conditions 
of service and temperature; that dezincification can be 
recognized by the fact that pits are filled with porous 
copper; that some additives such as iron and manganese 
accelerate dezincification whereas arsenic, antimony, phos-
phorous, bismuth and tin reduce the rate of dezincification; 
that obstructions, cracks, crevices or stagnant points are 
good places for dezincification to start; that the removal 
jof zinc is favored by copper ion build up, by galvanic 
\-!. 
}contact with a noble metal, by the presence of chlorides and 
·}by the presence of residual stresses. As Evans 33 explains, 
21 
,, 
there are two possible theories of dezincification, ( 1) the 
zinc is removed by anodic action leaving vacant sites 
where zinc atoms hAd existed, and (2) both elements are 
· removed but copper is redeposited. The first mechanism is 
,· restrictive because it is difficult to show how dezincifi-
.ij cation can persist after the first few atomic layers of brass 
j 
l have been dezincified since zinc ions have to thread their 
:;,I 
j way through very fine pores in the copper. Another point 
,, 
of interest in the mechanism of dezincification is that acid 
solutions are better agents for zinc removal than basic 
34 
solutions. ~ickering , working with a copper-rich alloy, 
found evidence that dezincification occurs via interdiffu-
sion of the constituent metals in the alloy. ~ickering i 
35 
and Byrne showed that depending on the potentials, either 
preferential dissolution of zinc or simultaneous dissolution 
can occur. 
--·~,--,--~,--,.----·~- .... ,---·-·---,---
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:, • EXPERIMENTAL 
• 1 Materials 
• 1. 1 Brass 
The brass used in this work was Naval brass with a 
omposition approximating CDC Alloy No. 465. It was ob-
~~ 
~.h 
~pined from a commercial source. An analysis very kind-
. _;~I 
]!y carried out through the kindness of Drs. l"I. J. Pryor 
.:; 
apd J. A. Ford, Metals Research Laboratory, Olin Corpo-
ration, New Haven,Connecticut yielded the following values: 
copper 59.85%, tin 0.65%, arsenic less than 0.01%, lead 
0.01-.02%. Bismuth was specifically sought and was not 
found at the limit of detection, 0.0025%. The brass as 
received was a plate 30.5x30.5x0.6 cm specially suitable 
..... -~-J .. .,,, ..... ,_.. 
for the purposes of these experiments. The plate was cut 
into 2.54x3.81x0.64 cm pieces using a band saw. Each piece 
used in the sec tests was shaped according to one of the two 
models presented in Figure 2. The model used in the previous 
4 
work was not appropriate to assure the development of cracks 
J 
of sufficient size and length in the short time required 
1~ the different medium employed in this study. 
The pieces were used as test specimens by stressing 
ttem with a plier wrench and by immersing them partially in 
•.:\, 
1 
t .'.~ test solutions~ 
} 
Test Solutions 
Solutions of different pH were prepared following sug-
- 8 tions of the Task Group 14 of AST~ Committee 6.01.06, 
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from stock solutions of 2Iv'{, ammonium sulfate, 2M ammonium 
~ i · hydroxide, and 50 g/1 copper sulfate('entahydrate. The 
·'.: proportions used to form 250 ml of a typical pH 7 .2 solu-
:· 
.. , tion were: 55,8 ml of 2M ammonium sulfate, 13.6 ml of 2M 
·;;. 
... 
:, 
::{ ammonium hydroxide, and 62. 5 ml of 50 g/1 copper sulfate, 
:,,.-; 
'.I diluted to 250 ml with deionized water. 
The pH, as measured with a Beckman pH meter model H2, 
was adjusted to the desired value by additions of 1M ammo-
nium hydroxide or 1~ ammonium sulfate. The solutions 
satisfy the conditions of being 1M with respect to ammonia 
and, initially, 0.05 g-atom/1 with respect to cu++. The 
test solutions were allowed to stand for at least 48 hours 
before use, during which time a pronounced precipitation 
of a copper specie occurred. The final cu+, concentration 
of test solutions, as determined by the zincon method, averaged 
0.4 g/1. Occasionally a concentration as low as 0.05 g/1 
for pH 6.6 was found. The solutions were used free of sus-
pended solids by filtering the liquid through Whatman #2 
paper before performing the tests. The experimental solu-
tions used were of pH 5.3,~.6 and 7.2. 
J.. 1 • 3 Chemicals \~ 
i~ 
·~ / 
Information about the chemicals used is given in Appen-
Procedure for sec Tests 
The technique described below is essentially the same 
36 
that used in the\ previous work and was developed by Brown 
al in studies of sec of titanium, aluminum and steel, 
..... -·~---~v,,,.-• 
\. 
A brass specimen prepared as indicated in 3. l,1 was 
stressed with a plier wrench, until the stress level, pre-
viously determined in independent tests as appropriate, was 
reached. Considerable plastic deformation occurred under 
:1 these circumstances. The stress level was controlled ia 
Ji 
lwith the adjusting screw. Stress levels requiring approxi-
. :~ . 
. mately 1 hour for the crack to run the desired length were 
~chosen. These stress levels seemed much higher than those 
used previously with the wedging system. The specimens were 
washed with acetone or methyl alcohol before stressing, 
rinsed in water and dried by standing in air one hour. The 
external surfaces of the specimens were used either coated 
with an ~dhesive insulating varnish, General Electric 7031, 
or uncoated. The purpose of the two procedures was to es-
timate the effect of diffusion of materi8l through the sides 
but no estimation could be made since the results were 
essentially the same using the two methods. Presumably the 
amount of material lost by diffusion is within the limits 
of variability of experimental determination of the concen-
frations of the species inside the stress corrosion crack. 
:-· 
ffter this operation, the specimen was stressed and partial-
I ~j 
,;1 
iy .immersed in 100 ml of Mattson's solution, being careful \) . . . 
-'l 
Jo avoid touching the solution with the stressing device 
::, j hich also served as the specimen holder. 
' ,) 
> 
The system of beaker, specimen and stressing device 
1 
as covered with a box during a teat. The specimen was } 
I' 
,,; 
26 
periodically chec:ked for cracking and removed from the 
beaker when the crack h~d advanced a. distance of approxi-
'.. mately O. 5 cm. The cracked brass was either frozen in 
) 
ii 
, liquid nitrogen and fractured or simply fractured without 
; previous freezing, Rnd the liquid inside the stress corro-
,, I 
sion crack was removed for analysis. The fracture of the 
, specimen was carried out by gently turning the adjusting 
screw in order to avoid liquid leaking in from sides. 
: 3.3 Analytical Tests 
The quantitative analyses used in this work were ba-
37 
sed on spectrophotometric methods for the rapid determi-
nation of copper and zinc content in very dilute solutions. 
The liquid adhering to the stress corrosion crack sur-
. faces was picked up by a glass capillary once it had thawed, 
in the case of immerssion in liquid nitrogen, or once the 
fr~cture had been carried out when no freezing was used. 
The amount of liquid is determined by the difference in 
weight between the filled and the empty capillary, and the 
volume was determined using the density of the Mattson's so-
:1ution, experimentally determined to be ~.04 g/ml ± 0.005. 
' iThe liquid in the capillary was transferred to 20 ml of 
,'' 
0d~ionized water and prepared for analysis ~f Zn and Cu by 
zincon method as described in Appendix 3. 
The zincon method is based on the difference between 
absorbance values of a solution containing both copper 
zinc-zincon complexes and of the same solution after 
27 
destroying the zinc-zincon complex with versenate (disodium 
ethylenedinitrilo tetraacetate). The height of the absor-
o bance peak at 6100A was used to determine the zinc and 
·' copper concentrations, by matching the corresponding ab-
} 
:1 sorbances values of copper and zinc with calibration curves 
-~ constructed for zinc and copper. Each experiment was made 
, 1 ..~i 
-;:.J., 
·:] in less tha.n 30 minutes thus avoiding the premature des-
j truction of the co~plexes that are stable only for a few 
·hours. The absorbances were determined either in a Cary 
spectrophotometer or in a Spectronic spectrophotometer 
using 10 ml glass cells. 
The control solutions used to determine the calibration 
curves together with the description of the other solutions. 
mentioned in this section are given in Appendix 3. 
3.4 Measurements of pH 
The pH of the liquid on the faces of the stress corro-
:sion crack, inmediately after thawing or after fracture, de-
·-pending on the procedure chosen to make the test, was esti m -
•• 
·ated by either pressing pieces of narrow range pH paper 
--~ . 
~against the surface or by absorbing on the paper drops of 
,. 
lliquid previously picked up by a capillary. The color 
ileft by the solution from the stress corrosion crack was com-
':;t 
)pared against drops of bulk.Mattson's solutions of different 
The pH papers used were Hydrion paper 6.0 to 8.0, from 
licroessential Laboratory, Brooklyn N. Y. ; 3.5 to 5.5 
hart Range Aikacid No. 2, 6.0 to 8.5 ·Short Range Alkacid 
28 
! ' 
I 
\ 
No,J f~om Fisher Scientific; and Dual Tint 7,0 to 10,0 from 
J, T. Baker Chemical Co,, Phillipsburg N, J • 
} 
.. 
, 5 Vlei ht Loss 
The corrosion rate of the Naval brass was estimated in 
attson's solutions of Ph 5,3, 6,6 and 7,2 by immersing 
:tamples of known surface in 80 ml of the solution. The 
}~ ]brass specimens were polished on a polishing wheel with 320 
'\ 
.i}/ 
;~mery paper, washed with acetone and methyl alcohol, rinsed 
in water and dried in air for one hour prior to the weight 
loss test, 
The specimens were immersed in the solution without 
stirring and the solution was freely exposed to air. Upon 
completion of the experiment the specimens were removed 
from solution, rinsed in enough water to remove traces of 
corrosion products, freed of surface water with absorbent 
paper and dried for one hour prior to weighing. 
J.6 Auger Electron Spectroscopy of Cracked Surfaces 
The stress corrosion crack surfaces of specimens tested 
4t pH 5,3, 6.6 and 7,2 were analyzed by Auger Electron 
lpectroscopye 
.I 
j 
.\ 
:~ The Auger analysis gives semi-quantitative imformation 
!.~ 
'
1bout the chemistry of the stress corrosion cracked surface 
compared to the fractured surface and to the surface 
the unfractured material, 
The experiments were performed in an Auger Electron 
ectrometer manufactured by Physical Electronics Industries 
29 
Three samples were prepared as usual for ~CC test 
but immediately after the. crack had advanced a length 
of 0,5 cm, the specimen was freed of test solution by 
washing with water and by absorbing the liquid inside the 
absorbent paper. The samples were kept in a 
prior 
Jthe spectrometer. 
to insertion into the vacuum chamber of 
A polished brass strip, J,81 x o.6x 0,1 cm, 
was used as a control sample by simply immersing it half-
way in pH 5,3 Mattson's solution. The surface that was 
in contact with Mattson's solution, called the treated sur-
face, and also the surface that was not in contact with 
the corrosive medium, called the untreated surface were ion 
analyzed. Ion etching was performed in order to obtain in-
formation as a function of depth below the surface, 
j.7 Corrosion Potential 
The corrosion potential of the brass sample in Mattson's 
solutions of pH 7,2 and 5,J,was determined as a function 
9f immersion time using a Leeds and Northrup potentiometer ~;~ 
'odel 82750 and a galvanometer, The reference electrode 
was a saturated calomel electrode (SCE), The brass piece ,.~~ 
'.J 
·1as held in place with the plier wrench in order to simu-
'{: 
: · te in the tested cell the conditions used in the stress 
rrosion crack tests, Prior to the test the brass sample 
·.t s polished, rinsed in distilled water, rinsed in methyl·· 
.. 
:,:. 
cohol, washed with distilled water and dried, 
JO 
4, RESULTS AND DISCUSSION 
\: 
4,1 Measurements of pH 
-
,-~ The pH of the liquid removed from the stress corrosion 
was identical to the pH of the bulk solution in all 
solutions of pH 5.3, 6.6 and 7.2. Occasionally the 
the liquid inside the stress corrosion crack was 
1, 
,: J 
); crack 
. ~;, 
'.'{ three 
i'i); (~\i 
'.f:pH of 
-11 
_') 
:)several tenths of a unit above the pH of the bulk solution. 
lhese results could not be repeated when the several steps 
involved in the test were performed rapidly. 
The Mattson solutions are really buffer solutions and 
as can be seen in Appendix 4, the moderate changes occurring 
inside the stress corrosion crack do not displace the 
equilibria sufficiently to affect the pH of the liquid 
contained in it. 
The special buffer character of Mattson's solution 
together with the predominance of reactions that do not 
increase or decrease appreciably the hydrogen ion content 
could be the explanation for the observed behavior. 
ffe,2 Concentration of Copper and Zinc in the Liquid within 
the Stress Corrosion Crack 
-
Zinc and copper concentrations were determined using 
:jhe zincon method previously describ~d in section 3.3. 
·~ 
;'he results are presented in Table 4, and, in addition to 
:,51: ' 
.7J 
j ther data, the ratio of copper to zinc in the solution 
ithin the crack is also showne The concentration values 
ere obtained from calibration curves constructed as 
31 
) 
indicated in Appendix 3, and from experimental data as 
' 
' presented in Appendix 5. Table 1 corresponds to the 
~·,~ 
1 absorbance-concentration data used to construct Figures 
·i 
.t ' 
~ 3 and 4, calibration curve 1, from standard solution j 
.t samples measured with a 50 ml burette, with an error limit 
.. ~ 
.. ;;, 
:~ of -+ 0.05 ml. Values of quick checks made·:.using a 10 ml 
. '~ -
·ri 
:; graduate cylinder to determine volume for every new set 
;of tests are also presented. Three checks were made in 
average for each set of runs. In Figures 3 and 4 the 
points indicate that the burette was used and the crosses 
indicate the checks made with the cylinder. The absorbance 
values of Table 1 correspond to a wavelength of 6100A 0 
in the Cary spectrophotometer. Table 2 corresponds to the 
absorbance-concentration relation in Figures 5 and 6, 
calibration curve 2. The liquid samples were measured by 
weighing the content of a capillary similar to those used 
in the SCC tests, two checks with a cylinder were done as in 
the previous case. The absorbance values correspond to 6200A 0 
in the Cary instrument. The reason for using 6200A 0 was 
.based on occasional difficulties with this instrument at 
:6100A~ Table 3 corresponds to the absorbance-concentration 
jelation for copper and zinc in Figure 7 elaborated for 
._,j 
,;t,'tests performed at 6100A O in the Spectronic spectrophotometer. i:~ 
he line of Figure 7 is the best line that can pass among 
he points established in Table 3, and with the restric-
ion of going through the origin of the coordinate system. 
J.2 
I 
This restriction was accepted because the other calibration 
curves suggested that the absorbance-concentration relation 
for both copper and zinc goes through the origin. Taking 
account of this restriction, the line was constructed on the 
condition that the differences between the experimental or-
;:,, dina tes and those corresponding to the line amount to zero 
')!when added. So, the expression, 
J L (Yi - mMxi )= 0 was used to determine the slopes \ of these 
.'JI 
"j two calibration curves 1 
ii 
J 
., 
.:1 
-i'J 
·~ 
' l :; 
·, 
,j 
4 
~I 
! 
mzn= slope of calibration curve for Zn= 0.0566 
mcu= slope of calibration curve for Cu= 0.0623 
The units of rn being absorbance units/units of concentration 
expressed as 10-6g/5om1 of zincon solution. 
TABLE 1 
concentration of Copper and Zinc and Measured Absorbances 
in Figures J and 4 
Method of 
10·-6 d,20rnl 
Copper 
10-u.2oml 
Zinc Volume 
Absorbance Absorbance Measurement 
1.10 0.080 1.40 0 .100 Burette 
2.25 0.176, 2.80 0.175 II 
3,36 0.240 4,20 0.260 " 
5,60 o.410 6.90 0,430 II 
6.05 o.410, 6,95 o.420 Cylinder 
5,60 0,390 2,78 0.170 " 
4.48 0 ,310 2.22 0,141 ii 
2.20 0,140 2.20 0.143 II 
5.80 o.410 3.90 0.215 II 
4.JO 0,280 2.50 0 • .144 
5.30 0,320 
I I 
'.: 
'.; 
TABLE 2 
ncentration of Co er and Zinc and Measured Absorbances 
in Figures 5 and 6 
Zinc Method of 
l0-6g/50ml 
Volume Absorbance Absorbance Measurement 
6.00 0.340 6.00 0 .280 Cylinder 
3,00 0. 151 3.00 -0.112 II 
5. 14 0.435 5. 14 0.350 Capillary 
· 11.41 o.665 11. 41 0.100 " 
7.94 0.490 7.94 0.455 II 
. 6. 50 0.410 
TABLE 3 
Concentration of Copper and Zinc and Measured Absorbances 
in Figure 7 
. Copper 
ii, 
10~6g/50ml Absorbance 
').25 0.170 
.,. 
~' .~ 
2.40 
.. t 0.280 
0.390 
-6 I 10 g 50ml 
1. 10 
2. 10 
2.85 
J4 
Zinc 
A bsorbance 
0.012 
o. 132 
O.j52 
Method of 
Volume 
Measure 
Cylinder 
II 
II 
'' 
': 
! 
I 
: I 
' I 
' 
TABLE 4 
' oncentration of Co er and Zinc inside Stress Corrosion Crack 
[cuJ Zn [c~ Wul [cu} Immersion 
.El! ~ Hittson - Corr. Corr time g/1 g 1 g/l . Zn • 
min. 
1 7.2 1.06 0,74 0,45 0.61 0.82 50 
2 7.2 1. 31 1 • 29 0.45 0.86 o.67 40 
3 7.2 1. 48 1. 09 0.45 1. 03 0.95 60 
4 7.2 0.59 0.23 0.45 0. 14 0.61 45 
5 7.2 0.94 0.44 0.45 0.49 1 • 11 45 
6 7.2 1.00 0.55 0.45 0.55 1.00 50 
7 7.2 1 . 2 2 0.86 0.45 0.77 0.90 50 
8 7.2 i.29 0.88 0.45 0.84 0.95 50 
9 6.6 1 . 24 0.63 0.21 1.03 1. 60 90 
10 6.6 0.28 0.43 0.21 0.01 0.20 90 
, I 
11 6.6 1. 75 2.16 0.21 1.54 0.71 l05 
12 6.6 0.38 0.50 0.21 0. 17 0.34 50 
'I 
·.1', 
13 6.6 0.40 0.31 0.21 0. 19 0.62 60 
/~ . 14 6.6 2.20 1 .86 0.21 2.00 1.07 120 . ,•) \:., 
15 5.3 1. 30 0.58 0.44 0.86 1.48 45 
16 5.3 0.50 0.42 0~44 0.06 0. 14 50 'It, ! 
i 
o.67 0.73 50 117 5.3 0.93 0.44 0.49 
' ' I 
I 
I 
18 0.86 45 ·i' 5.3 0.56 0 .14 0.44 0. 12 :I 
-.. l 
•'. 
: ; 19 5.3 0.68 0.32 0.44 0.24 0.75 45 ! 
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11 StatisticAl analysis was performed on these data in 
order to evaluate the variability. Two parameters were cal-
culated, the arithmetic average and the standard deviation 
of the copper to zinc ratio, as described in Appendix 5. 
The iesults obtained are presented in Table 5. 
TABLE 5 
i Arithmetic Average and Standard Deviation of the Copper 
J, 
] 
i 
:1 
to Zinc Ratio 
{j 
. 't 
3 
·1 
1 5 3 i • 
plI 7.2 6.6 
. 'l Arithmetic Average of 1 0.79 copper to Zinc Ratio 0.88 0.76 
,f 
·i 
1 60% 
,! Standard Deviation 19% 66% 
1 
1 The data used for constructing the calibration cur-
,J 
'1 
1 ves corresponding to Figures 5 and 6, together with those j 
i 
I corresponding to the concentration of Mattson's solutions i 
Ii j allow an estimation of the standard deviation of the capi-
.f 
! j llary method. This estimation was performed by normalizing 
1 ~ the difference between the values of concentration suggested 
by the capillary determinations and the mean values suggested 
;· either by .the calibration curves or the arithmetic mean of 
; 
the concentration of Mattson' s .solutions. Normalization 
of the differences means here that the difference is convert-
ed to percentage of the mean value. A total of 17 points 
were used in the estimation giving a value of 18.4% for the 
standard deviation of the capillary method. The standard 
deviations obtained for pH 6.6 and ·5.3 indicate a source of 
41 
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error other than that expected for the capillary method. 
Two differences were noted in the experimental conditions 
with respect to the tests run at pH 7.2: the use of model B 
of Figure 2 for the test specimens, in most of the experi-
' ments and the lower amount of liquid used for the determi-
nation of concentrations. The model B of Figure 2 could 
well be promoting uncontrolled leakage of liquid from the 
crack, specially in the moment of taking out the sample 
from the corroding medium, in spite of the extreme care kept 
· for this operation. ) 
~ The tests performed with Mattson's solutions of pH 
; 7.2 show a standard deviation that seems to indicate that 
the error involved corresponds to a great extent to .the 
1 defects of the capillary method. 
1 
All the tests performed 
at pH 5.3 and 6.6 show a great variability of results, in 
1 
these conditions this set of tests alone cannot give a satis-
factory correlation, if any, between the ratio of products 
\' 
1 of corrosion and pH of Mattson's solutions. The results 
~/ 
however suggest that the dezincification inside the stress 
corrosion crack is more severe at pH below 7.2. The fact 
that all tests performedv in spite of the differences found 
and already mentioned, strongly show that the copper to zinc 
ratio of corrosion products is lower in the solution inside 
the stress corrosion crack than the copper to zinc ratio of 
the brass used, confirm that, as in the case of concentrated 
ammonia, dezincification is present in the sec of brass in 
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Mattson's solutions. The rate of corrosion, as indicated 
by the concentrations(obtained and the degree of dezinci-
fication within the stress corrosion crack were much less 
4 
than in the case of concentrated ammonia solution. At 
this point, it is interesting to point out that it was more 
~ difficult to obtain stress corrosion cracks in Mattson's 
solutions than in concentrated ammonia. The difficulties 
\ 
were ereater at pH 6.6 than at pH 7.2 or 5.3. The copper 
' 
to zinc ratio at pH 6.G does not show any special behavior 1 but it is interesting to point out that the finll copper 
1 concentration, for the solution after the routine aging, 
ij q 
;~ 
-1 
1 
'i 
"''j 
Jt 
.:ll' t 
': 
~ 
1 
t1 
was lower than that of the solutions at pH 5,3 or 7.3. 
Another possible explanations for the much higher copper 
to zinc ratio in the liquid within the crack for the Naval 
brass in Mattson's solutions are: a lower rate of Cu2o 
formation suggested by the appearance of the cracked surface 
and probably caused by a low oxygen concentration in the 
crack; a thermodynamic possibility existing for dissolved 
10, 11 
zinc to reprecipitate on the cracked surface in the 
form of Zn(OH) 2 , as can be noticed on the superimposed. 
Pourbaix diagram for copper and zinc presented in Figure 1; 
and the presence of a special group of impurities, tin and 
1 
bismuth, which are reported , as reducers of the rate of 
dezincification. The results obtained suggest that the 
events leading to failure in Mattson's solutions in the 
PH ra.nge studied are closely related to those causing the 
4J 
I 
·, 
_; 
•, 
failure in concentrated solutions though occurring at a 
lower rate. 
4.J Weight Loss 
2 
The cumulative weight loss in mg/cm is plotted against 
time of immersion in Figure 8 for a Mattson's solution of 
.J pH 7,2 with a copper concentration of ,45 g/1, 
The weight loss appears with a slight change of slope 
:~ with respect to time at the beginning of immersion but a 
] linear relation seems to fit the points after one hour of 1 immersion. 
"J 
1
,i The average rates of weight losses at pH 5,3, 6,6, and ;; 
:ij 7 2 are shown in Figure 9. It is interesting to point out I ::::s a:a::l: • :s::e i:a::s:x:::i::n::. no;h:e p:::::::. 0:r t::t, 
;f of the tarnish film implies different corrosion rate. So, 
·J rates varying from 9,65 x l0-2mg/cm 2/hr when tarnish is 
--~ -2 2 
.,; present to 20,4 x 10 mg/cm /hr when not were dectected, The 
source of this behavior was not investigated but could well 
be either difference in oxygen concentration of the solu-
tion or small changes in copper-ammonia complex concentra-
tion, The superimposed Pourbaix diagram of Figure 11 fur-
nishes am explanation to this fact showing that pH 7,2 is 
very close to boundary between several phases. The average 
corrosion rates at pH 7,2, 6.6, and 5,J were estimated to be 
20.4.9,65 x 10·2, 5,25 x 10·2, and J,J x 10·2, all in mg/cm2/hr, 
respectively, 
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Systematic studies of corrosion rates at pH 7,2, by 
different methods coupled with an estimate of the amount 
. h20 
of tarn1s could perhaps give interesting ideas about 
the kinetics of the formation of the tarnish on the out-
side surface, a point that has been in the past subjected 
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: that 1s still open to discussion. 5• 6 
:J ' ' ' ' • For other compositions of brass the 
·,; 
,\: 
••~ pH giving this special behavior could well be other than 
:.:) 
~~· ) 7, 2, 
. :l 
In order to calculate the corrosion rate inside the 
" stress corrosion crack several experiments were run with 
,, 
--{' 
~11 
J the purpose of observing the velocity of propagation of 
,;11 
)j 
:1 the crack as indicated by the velocity at which the advanc-
:1 
~l 
1j 
·:~ 
:~ 
:~ )l 
ing edge of the crack passed by pencil marks previously made 
on the surface of the brass sample. As expected, by the 
stressing method used, constant deformation, one in which 
the stress is relieved by cracking, the velocity is appreciably 
higher at the beginning of the test than at the end. 
However, in order to calculate the corrosion rate in-
side the stress corrosion crack a linear relation between 
crack growth and cracking time will be assumed, It must 
be mentioned that the advancing front of the stress corrosion 
crack is "V"- shaped such that the most advanced point of 
47 
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this front is near the center of the cross section and 
the less advanced points are at the external sides, 
The other assumptions necessary for calculating the 
I corrosion rate inside the stress corrosion crac\ are, 
I 1- Crack solution volume was estimated from the di-
A 1 mensions of the crack, 0,7 cm length, o,6 cm wide 
and 0,05 cm depth, as 10 microliters. 
\ 2- Linear crack growth over a J0-40mim period for pH 
5,J and 7,2 and over a 40-70 mim period· for pH 
6.6. 
, 
J] 
J- Final crack surface- O, 84 cm2 
4- The arithmetic average of the concentrations of 
copper and zinc generated by corrosion, for the 
different pH were, 
;~ pH 
:,:1 
111 
7 ') • L, 6,6 5,J 
·1 
.:: . 
• f Copper generated by corrosion ( g/1) ·, 660 a.BJ 0,354 
zinc generated by corrosion (g/1) ,760 0,98 0,426 
J, With these data the following relation was applied, 
corrosion rate= 2 x Vf x Cf/ Af x tf, where 
final volume of stress corrosion crack, 
( 
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Cf, co~bined concentration of copper and zinc produced by 
reaction 
Af= final corrosion surface 
tf=time of crack propagation, 
The results obtained were, 
pH 7,2 6.6 5,J 
Cracking time (hr.) 
Corrosion rate. (mg/ cm2/hr) 
2/3 1/2 1. 2 2/J 2/J 1/2 
·:~ 
(X102) 5,1 6.8 5,2 6,5 J.1 4.2 
{1 
j 
Similar to the results obtained in the work of Kissinger28 
. j the dissolution rate within the crack is not larger than the 
}i rate on the external surface, suggesting that the crack is :1 
i~ ~ not anodic to the external surface of the specimen. In the 
ti~ {j case of pH 7, 2 the rates of dissolution within the crack were 
·,,i clearly below that on the external surface of the specimen, ),1 
.ij 
'.j Depletion of reactive substances inside the crack is a poss-
') ible explanation, 
M 
-"f' 4,4 Corrosion Potential 
'.ii 
The corrosion potential of the brass specimens used in 
this work was obtained as indicated in section 3,7. The 
basis of the method was the formation of the cell, 
++ M; M // KCl (sat); Hg2Cl2, Hg 
Where M is the brass and M++ is copper and zinc ions in sol-
ution, The corrosion potential of this cell is given by~O 
/ 
KCl (Sat) 1 Hg2 Cl2, Hg - E
0 ++ where 
M I M 
E0 ++ is the corrosion potential of the brass on the M 
' 
: l
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hydrogen scale. 
The potential of the calomel electrode, E° KCl (sat): 
He:2c12,I-k is taken as 0,2415 volts at 25°c 4l, without 
further temperature correction. Figure 10 presents the 
:i results obtained which show that there is not a great varia 
tion in potential with time for Mattson's solutions. For 
:.~ practical purposes the corrosion potential is constant with 
The corrosion potentials were found 
for Mattsons's solutions of pH 7,2, and 5,3, The corrosion 
potential for pH 5,3 solution falls in the zqrfe----o~
2
o 
++ \ 
and ln in the superimposed Pourbaix diagram and that corr-
esponding to pH 7,2 falls in the zone of Cu (NH3)~ and 
Zn (OH) 2 stability. It is interesting to point out that 
around pH 7,2 are the boundaries of the following equilibria, 
These features 
are shown on the superimposed Pourbaix diagram given for 
brass in the range of pH 5,3 to 7,2 in Figure lle 
4,5 Auger Electron Spectroscopy Tests 
The system of Auger electron spectroscopy records an 
output current that is proportional to the derivative of the 
energy distribution of the Auger electrons with respect to 
energy against the electron energy in electron Voltse 43 This 
method of operation increases sensitivity and reduces noise 
and background, In these conditions there are characteristic 
Auger peaks for each element which appear as lines at specific 
electron energies, 
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The spectra furnish qualitative information about 
composition of the outer surface layers of the material 
studied. The relative peak amplitudes within a gi~n 
spectrum are significant me~sures that can be used with the 
purpose of comparing different surface layers. Thus, the 
\ ratio of the zinc line at 922ev to the copper line at 915ev, 
\ 
f was used in this work to compare the composition at the 
t 
,, surface of the different brass surfaces studied. The ! amplitude of the lines is measured from the top of the 
* l 1 
·::1, 
'.t 
i l J:o 
·]ij ;I 
:'~!\ 1:. 
., 
"' :/j' ] 
J} 
positive excursion to the bottom of the negative one. 
Four samples were the subject of this study. The first 
sample, described and defined in section J.6 as "the control 
sample, was used to characterize the .unattacked (untreated) 
and the attacked by the corrodent (treated) surfaces but 
without the influence of either cracking or fracturing. 
The other three samples were used to characterize the 
fractured surface (without the influence of the corrodent) 
and the cracked surface (induced by the corrodent) corr-
esponding to Mattson's solutions of pH 5.3, 6.6, and 7.2. 
) The c·ontrol sample was treated with a Mattson' s solution 
of pH 5,3, 
The spectra of the electron emmissions at several le-
vels of ion cleaning were obtained for the control, treated 
and untreated, surfa~s, The purpose of ion cleantng is to 
remove the first surface layers and to observe how the 
relative concentratiClil---0-t-..the layer is related to depth, 
5.J 
f 
,•' 
·, 
I, 
' ' 
',, .t 
I 
The ratios of the intensities of the lines of zinc and 
copper for the different surface;, layers of control sample, 
calculated as described early in this section, are given in 
'118.hle 6, 
TABLE 6 
Zinc to Copper Ratio for Control Surfaces· corresponding to 
,·i 
C 
•:\ 
~ 
., 
l! 
·;I 
-;1 
:~ 
·, 
;). 
J 
i 
·,J 
q 
·,,j 
J 
., 
' "',7 
:~ 
;~ 
·•1 
... ~ 
j 
'E 
•·A 
~ ;i 
i 
·.} 
Mattson's Solution of pH 5,J 
Part Zinc Intensity to Copper 
of Ratio of Ion 
r• 1 ,jamp e Figure Surface Cleaning 
Treated 1A 0 .125 Null 
It 2A 0.083 Moderate 
II JA 0.191 Medium 
4A II 0 I 230 Extensive 
Untreated 5A 0.380 Null 
II 6A 0,340 Moderate 
II ?A 0 I 325 M.edium 
II BA 0.270 Medium 
9A 0.250 Extensive 
The results for the treated sample show that the first 
layers are depleted in zinc. The fact that ion cleaning 
leads to· the same limit(Zn/Cu ratio of 0.2.J- 0,25) suggests 
that the zinc depletion is moderate. 
When left to contamination in the vacuum system the 
surfaces come back to their original levels, as can be seen 
in the following description of a set of tests performed on 
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the control untreated surface at several degrees of conta-
mination from the vacuum system. The term contamination 
here means that the sample was tested after the effect of 
a previous ion cleaning on the surface had been moderated 
by the adsorption on the surface of the "contaminants" 
in the vacuum system of the spectrometer, 
TABLE 7 
r Effect of Contamination in the Vacuum System of the Spectra-
, 
,, 
,, 
·~ 
,'? 
,,, 
.. 
? 
/~ 
·i 
-i ., 
;j 
':::.-
meter after Ion Cleaning 
of Zinc Degree Copper to Contamination Figure Ratio of Surface 
Ion Cleaning 9A 3,63 
Slight 10A 3,33 
Moderate 11A 3,26 
Ptodera tely Great 12A 3,08 
Great 13A 2.91 
Air exposed 5A 2.50 
The results presented above agree with the fact that 
zinc is more reactive than copper and consequently exists in 
the ionic form at the surface. 
Three samples were tested for sec in Mattson's solutions 
of pH 5.J, 6.6, and 7,7, The stress corrosion cracked sur-
faces and the fractured surfaces were tested by Auger spec-
troscopy as described in section J.6. The results obtained 
for the Zn to Cu ratio obtained are presented in Table 8. 
Additionally one sample of 70,30 brass was teated in con-
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centrated ammonia, 
.!ill 
5,3 
6.6 
7.2 
TABLE 8 
Copper Ratio for Stress Corrosion Cracked Surface 
and for Fractured Surface 
Zn/Cu ratio 
Figures sec Surface 
20 and 19A o.47 
18 and 17A 0,50 
16 and 15A 0.50 
Zn/Cu ratio 
Fractured surface 
o.85 
'~ )11.(70,30) 0.09 o. 23 
.•'i/ l'.J j The fractured surface represents a continuation of the 
'' failure but without the action of the corrodent, The ratios 
:i J reported in Table 8 when compared to those of the plain sur-
j face, show that both the fractured and the cracked surface 
~ correspond to a situation of higher zinc concentration than 
,; 
t~i 
:.1 that of the plain surface. As can be noted on the phase 
J 39 
::, equilibrium diagram for brass , given in Figure 12, at 
,', 
1 
,"\~ 
25°~ the Oland .J3 phases have boundaries at approximately 
31~ and 48% with respect to zinc. Since the brass used in 
this study has a concentration of zinc higher than 31% it 
is likely that there are regions in the material with con-
centrations as high as 48%, These regions could well be 
at the grain boundaries for example. The interesting con-
clusion being that the stress corrosion crack follows zinc 
rich paths, 
.Some important impurities were detected by the Auger 
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analysis. Sn was found occasionally for both plain sur-
face and cracked surface and Bi was confirmed for the 
cracked and fractured surfaces only. The presence of Bi 
could mean that there are segregation of impurities, 
toward the zinc rich paths. The intensities of the 
bismuth peaks relative to the sum of all the intensities 
do not seem to change in the cracked surface when compared 
;:· with the fractured surface, which can mean that the 
->' 
,·) 
( 
f bismuth does not dissolve on exposure to Mattson's solu-
_s;:, j tions, For the 70 130 brass no impurities or segregation 
:1 of zinc rich phases were detected, Other elements found 
;~ on the surfaces were C, that could well be furnished by the :,~ 
1t Au~er system, S that could mean traces of sulfate, N that 
.~ 
':; can be explained by adsorption of ammonia, and o. 'Iii th 
respect to oxygen, no appreciable difference could be 
found between the surface attacked by solution and that 
not exposed to the solution. 
\ 4,6 Appearance of the Surfaces of the Test s.~.mples 
The aspect of the external surfaces of the test 
samples in contact with the Mattson's solutions varied 
according to the pH of the test solution, in agreement 
6,7,15,16. 
with results reported elsewhere. The external 
surface of samples in contact with solutions of pH 7,2 
did not show always the same aspect, sometimes it appeared 
with a well developed bright and black tarnish and some-
times with only a·blakish film. The age of the solution 
5,8 
! 
:i 
'· 
d 
i 
II 
ii 
.jj 
I 
, I 
i 
was associated with this behaviors fresh solutions 
(48 hours of aging) presented good conditions for tar-
nish formation and aged solutions ( aging> 48 hours) did 
not cause rapid development of the tarnish. This 
behavior is presumably originated by depletion of copper 
;;, species or of oxygen. The external surface of samples 
tested at pH 6.6 presented most of the times the black 
r; and bright tarnish film mentioned before, while those tested 
.;1 at pH 5.J presented areddish brown film. All these films 
. ~:, 
6, 7,15, 16, 18 
have been identified by several workers as 
mainly composed of Cu2o, and the differences in color have 
been explained by the depth of the film on the surface • 
0
1
.j The visual aspect of the surfaces generated by the 
I sec process was the same for all the solutions used. No 
j visual evidence of a black film formed on these surfaces J" 
z was found, though these surfaces were darker than the frac-
tured surfaces. The sec surfaces obtained in Mattsson's 
solutions for Naval brass presented an aspect that is similar 
to that of the sec surfaces obtained for concentrated ammonia, 
with lines similar to long and nar~ow channels pointing 
toward the advancing edge of the cracku 
f 
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" I SUMMARY, PROPOSED MECHANISM AND CONCLUSIONS 
For the Naval brass used dissolution of both copper 
zinc was found in the liquid within a growing stress 
corrosion crack when the material was tested in Mattsson's 
solutions of pH 5,J, 6,6 and 7,2, the•concentrations of 
; copper and zinc were reported in Table 4 and they all show 
'l 
,, 
r preferential dissolution of zinc though at a much more 
moderate rate than in the case of concentrated ammonia solu-
tions. The ratio of copper to zinc in the solution 1n the 
crack in concentrated ammonia was ,54 against 2.JJ in the 
?01JO brass and in Mattson's solutions was in average .81 
against 1.50 in the Naval brass. The measured corrosion po-
i ten tials for pH 7. 2 and 5. J when used in conjunction with 
~·i 
'f the superimposed Pourbaix diagram, as can be seen in Figure 
., 11, show that the conditions for the solutions used fall in 
! zones close to equilibrium lines between phases in the Pour-
" 
) bai~ diagram, which suggest that the process will vary 
·, according to small changes in activity of species in the 
cracking systeme Certainly, a high variability was found 
1n the experimental data obtained for the concentrations 
of the species in the liquid inside the stress corrosion 
crack, specially.at pH 5,3 and 6.6. The superimposed Pour-
baix diagram and the corrosion potentials also show that in 
the range of pH studied the formation of cu2o is possible 
+ but that at pH 7,2 the formation of Cu(NH3)2 is thermody-
namically favored, in agreement with the experimental finding 
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which shows that at pH 7,2 the copper to zinc ratio in 
/ 
the sec liquid is higher than that at a lower pH. The 
results obtained for the copper to zinc ratios show that 
the dezincification rates in Mattsson~ solutions are much 
lower than in the case of concentrated ammonia. This re-
1 sult was explained by the lower concentration of species 
.:: promoting sec I by the lower rate of cu2o formation inside 
. ,d 
,, the stress corrosion crack, as suggested by the macroscopic 
·.\ 
· ..~ 
,;1 
:~: appearance of the "cracked" surface; by the deposition of 
:, 
,'.? Zn( OH) 2 predicted by the superimposed Pourbaix diagram for 
·~ 
" concentrations of zinc around l0-2M; and by the tin and bis-( 
; ) muth impurities detected by the Au.ger analysis that have 
1. 1 
; been related to lower dezincification rates. The Auger 
·1:_r ~lectron spectroscopy performed on the different surfaces 
\' ! 
0 evidently show that the stress corrosion crack in Naval 
·•.; 
i' brass follows a zinc-rich path, since the ratios of the 
zinc to copper peaks obtained for the plain surfaces were 
lower than those obtained for the cracked and fractured sur-
face. A comparison of the ratios of the zinc to copper peaks 
,, between the cracked and the fractured surface show that, .,. 
in agreement with the results obtained with the spectrophoto-
meter analysis of the liquid inside the crack,moderate dezin-
cification is inherent to the sec of Naval brass in Mattsson's 
solutions. The fact that the fractured surface shows a higher 
zinc to copper ratio than the plain surface indicates that 
the fracture follows the same path of the crack though 
6.1 
" --·-·---··-
'' 
· 1 
l 
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without the influence of the corrodent. 
The results obtained in this study seem to be in agree-
ment with the early ideas of Pickering13 about the mechanism 
·, of sec in brass, Thus, the preferential dissolution of zinc 
indicated by the analysis performed on the liquid within the.-
stress corrosion crack for all the ammoniacal solutions used, 
the important action of impurities and rich zinc phases 
suggested by the results of A.Uger analysis; the aspect of the 
internal film, on the cracked surface, definitively different 
·i in color to that of the external surface; and the morphological 
.,. 
{~-
appearance of the cracked surface, showing abundant, long and 
narrow, channels, directed toward the crack tip, clearly 
observed by the maked eye; the low corrosion rates that cannot 
account for the whole volume generated by the sec process, 
are all facts in accord with the idea that cracking proceeds 
by the formation of small holes that weaken the stressed sur-
faces till the point of fracture. It is interesting to point 
out that this mechanism holds a part that is not electroche-
mical in nature. The results mentioned before strongly sug-
:; gest, again in agreement with Pickering13 ~ that the composi-
tional disturbances are important in sec both in the initia-
tion and propagation step. 
In attention to this facts,it is postulated that the 
weakening of the brass matrix at the crack tip, proposed by 
Leidheiser and Kissinger4, comes as a result of the ac-
tion of the ammoniacal solutions on certain zinc rich 
.62 
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p~ths. Such action localizes the att1ck and reduces the 
effective areas sustaininr the stress till a level where 
fracture result 
The anodic reactions proposed as responsible for the 
dissolution of Material at pH 5,3 are1 
2 Cu+ H2o = Cu2o + 2H+ + 2e- ( 1 ) 
++ Zn= Zn + 2e- ( 2) 
reaction (1) is followed by oxidation either to CuO or 
\ (I ++ 
·'- I.I U I 
,, 
) 
i, 
',/ 
(3) 
(4) depending on 
the conditions of the environment. The analytical results of 
the analysis performed on the liquid from the crack show 
that cu++ is formed. 
The main anodic reactions at pH 6.6 are thought to be 
reaction (2) followed by deposition of Zn(OH) 2, 
(5) and reac-
tion (1) followed by either oxidation to CuO, reaction (3), 
+ 
or by dissolution to Cu(NH3)2,depending on the conditions 
of the environment, 
+ 2H+ + H 0 
2 
( 6) 
The anodic reactions postulated at pH 7,2 for zinc 
are the same as those at pH 6.6, and for copper are, 
(7) followed 
by a possible precipitation to cu2o, that is, the reserve. ' 6J 
,•1 
i: 
1•, 
., 
·1 I, 
ii 
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i 
of reaction (6) 
The corresponding cathodic reactions proposed as the 
electrochemical counterpart are, 
1-
2-
3-
4-
5-
+ 2e ( 8) ;and/or 
o2 + 2H2o + 4e- = 40H (9) 
In conclusion this work has1 
Adapted an analytical procedure for the quick deter-
mination of copper and zinc in the liquid within 
the stress corrosion crack, 
Provided a procedure for the preparation of sec sur-
faces to be tested in surface analyzers. 
Provided experimental evidence that sec follows zinc 
rich paths in Naval brass • 
Showed that there are not significant pH changes 
within the crack solution. 
Found evidence showing that mechanisms based on ano-
dic dissolution of material can explain the sec 
process, 
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APPENDIX 1 
cements on Pourbaix ~iagrams for the Brass ~ystem 
The electrode equilibria for the whole alloy in the 
different circumstances of pH and potential is the main 
problem that must be solved, A light preliminary liter-
ature search in this aspect only gave some ideas about 
~. 
,, the case of amalgams, A similar treatment is given here to 
:; 
:~ t f th f d . 1 t . ' ++ } the brass sys em or e case o isso u ion of ions Cu 
'f ij 
:j 
',q, 
'~ 
-1 
" j 
·.'1 
J 
iJ 
·') 
J 
and Zn++, 
The system of reactions studied will bes 
++ 
Cu (alloy)= Cu 
++ 
Zn (alloy)= Zn + 2e 
( I ) 
(II) 
Equations (I) and (II) are simultaneously treated in 
,{ 
:i order to define an equilibrium on the alloy. 
1 
At equilibrium 
,1 
.,, 
H } 
'i 
i 
'.\ 
the electrochemical potential of Zn in the alloy must equal 
th 1 . ' ++ . 1 t' e e ectrochem1cal potential of Zn in sou ion. The same 
} statement is valid for Cu,. 
..... 
~~ H ~I I-'- + RT ln a + 2Fr =/v' + RT ln a +++2Fy, 
Zn(nure) Zn(alloy) Zn(sln) Zn 
l[ A + RT ln a + 2F¢= H + RT ln a ++ +2FpI 
Cu(pure) Cu(alloy) Cu(sln) Cu 
where,){ = chemical potential 
i 
of specie i; a= activity of 
i 
specie i; R= gas constant; T= absolute temperature; F= faraday 
I 
ff = electrical potential in phase I. 
Separating the electrical potential from the chemical, 
( = (~++ 
Zn(sln) -~ Zn(pure) 
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/ 2F ) + (RT/2F) ln(a++ /a ) 
Zn(sln) Cu{ sln) 
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,I 
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I 
i 
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:/ 
., 
i 
l=(f+t 
Cu(sln) 
or simplifying, 
) /2F + RT/2F lrk ~+ /a ) 
Cu(pure) -,-Cu(sln) Cu(alloy) 
E= £
0 
+ (RT/2F) ln(a / a ) 
Zn Zn(sln) Zn(alloy) 
£= €. 0 + (RT/2F) 1nfa / a ) 
Cu ~~Zn(sln) Zn(alloy) 
'. Now, defining, a++ = c , and a = r X 
1 Zn(sln) Zn(sln) Zn(alloy) Zn(alloy) Zn 
., 
for Zn, and equivalent approximations for Cu, where C 
,'l' 
is 
';? molar concentration of i, t and X are activity coef}icient 
' ; i i i :: ;:::::i::a;:::~ respectively, the system is presented in 
:'/8 I £ = £0 + (RT/2F) 1nfc lo I. ) j Zn l' Zn( sln) Zn( alloy) Zn 
l £= E' + 
)I Cu 
f\Fixing the concentration in a way requiring that, 
.j 
(RT/2F) ln(c / o X ) 
Cu(sln) Cu(alloy) Cu 
C + C 
Zn(sln) Cu(sln) = m, note that this is also done in cons-
tructing the Pourbaix diagrams of pure substances, and arran-
ging conveniently the terms, the following expression can be 
obtained, 0 (i -( 2F /RT ) E Zn - (1.F/~~ E = (RT/2F) ln m/ ( X e + (1-X)O e. "' Zn( alloy) CJ4{Jllc4J 
-( 2F/RT)t~ -( 2F/RT)t~ 
now, noting that e >)e , the final expression 
can be simplified to, . 
0 ( -(2F/RT)cz~\ 
£ = (RT/2F) ln\m/ X o e ) or, 
Zn 
i.= E.0 + (RT/2F) ln(m/ X o ) 
Zn Zn 
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As can be noted the equation of equilibrium potential 
strongly suggest that this potential mainly depends 
on the standard potential electrode of pure zinc, 
affected by the influence of the copper concentration 
in m, and by the reduced activity of the zinc, A 
: preliminary calculation performed on·the activity coe-
l 
\ fficient of zinc suggested that this coefficient is less 
1 than one, lowering much more the ac ti vi ty of zinc, ~ 
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APPEN:JIX 2 
' List of Chemicals Used 
Chemical 
J Acetone 
,:;:t 
]Ammonium Hydroxide 
-~ ;.J 
'cl 
•1 
:~{Ammonium Sulfate 
... :·,, 
-j Boric Acid 
.'{! 
·1~ 
J. 
,; Cupric Sulfate 
:1. 
"j 
J Disodium Ethylendiamine 
'·I 
·:H 
., )f tetra acetate ( di sodium 
j 
,1 j dihydrogen Versenate) 
··/Ii 
& Hydrochloric Acid 
Potasium chloride 
·:, 
,;, 
~~ 
. ~'. Sodium Hydroxide 
2-carboxy -21 -hydroxy 
I 
5 ·-sulfoformaxyl benzene 
(zincon) 
Zinc Metal dust 
Grade 
Reagent 
Reagent 
Reagent 
Reagent 
Reagent 
Certified 
Reagent 
Reagent 
Reagent 
Certified 
Certified 
68 
Supplier 
Leigh Valley Chemical Co. 
J.T. Baker Chemical Co. 
Brothers Chemical Co • 
J.T. Baker Chemical Co. 
J.T. Baker Chemical Co. 
Fisher Scientific Co. 
Lehigh Valley Chemical Co. 
J,T. Baker Chemical Co. 
J,T. Baker Chemical Co. 
Fisher Scientific Co, 
tisher !:icientific Co, 
'' I.I: 
I 
·'· ,,, 
.,.,: 
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APPENDIX J 
The zincon-Versenate Method of Copper and Zinc Determination 
'!': 
The zincon method for trace determination of copper 
and zinc developed by McCall et a137, was used in this study. 
In this method copper and zinc ions are complexed with 
·1 (2-carboxy-2'- hydroxy-5'- sulfoformaxyl benzene), zincon, 
.. l; 
:J 
;! . 
1 at controlled pH; the zinc complex is destroyed later with 
versenate (disodium (ethylenedinitrilo) tetraacetate) 
j solution. The concentrations of copper and zinc are found 
·;} 
i 
J from the difference of the absorbances between the versenate 
" 
·j 
i treated and untreated solutions. 
i J Reagents 
·J 
:i Standard Copper Solution 
1 ?.86 mg. of pentahydrate copper sulfate are dissolved 
•,; 
,J 
j in deionized water, enough hydrochloric acid is added to 
J j make the final solution about o .1 N, ~d __ tne wh.ol_e~ mi4t:ure is 
C diluted to 21 • The copper concentration of this solution 
f is 10-6g/ml. 
) 
·· Standard Zinc Solution 
0.01 g of powdered zinc is dissolved in a slight excess 
} 
·' of concentrated hydrochloric acid and diluted to 100 ml 
fl with deionized water, twenty.ml of this solution are dilu-
, ted to 2 1 giving a zinc concentration of 10-6g/ml. 
Buffer Solution 
Prepare a Clark and Lubs buffer by adding 106,5 ml of 
0, 2 N potassium chloride and diluting to 1 { with deionized 
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Zincon Reagent Solution 
Qissolve 0.080 g finely powdered zincon in about 2 ml 
., 
·· of 1.0 N sodium hydroxide and dilute to 100 ml with deioni-
l· 
zed water. f 
·, 
' ;; Versenate Solution 
} Dissolve 4,0 g of disodium (ethylenedinitrilo) tetraace-
·J ltate in deionized water and dilute to 100 ml. 
,j 
; 
Ii Procedure 
:; 
., j After the liquid from a stress corrosion crack had been 
'l 
;.J 
ij transferred to 20 ml of deionized water, its pH adjusted to 
'1 
. j 
'i 9 with 10 ml of the buffer solution and additions of either 
·; 
.";1 
'h N sodium hydroxide or 1 N hydrochloric. acid, 3 ml of Zincon 
·! 
i 
J, are added, and the whole system is transferred to a 50 ml 
';~ j volumetric flask and diluted to volume with deionized water. 
~ 
•ij 
jFor the reagent blank, distilled water instead of the test 
·:J sample solution is used. Standard copper and zinc solutions, 
,· 
' -6 
<;. containing up to 10 micrograms , 1 microgram= 10 g, are ca-
' :\ 
rried through the same procedure, and the absorbance values 
/ of these solutions at 6100A O are used to plot the cali bra ti on 
curves for zinc and copper. 
The absorbance of each sample solution and of the rea-
gent blank is measured at 6100A0 with deionized water in the 
reference cell. Five drops of versenate are added to each 
sample solutions, including the reagent blank, and 
the absorbance at 6100A 0 is measured, The first 
value r~presents the absorbance due to both the copper and 
70 
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zinc-zincon complexes. The second value after the 
~ addition of versenate is due to the copper complex alone, 
" The absorbance of copper and zinc corresponding to the 
···!: 
" sample used are determined from the test made on the 
·;! 
A reagent blank and these small values are subtracted from 
·1 
J these obtained for the sample solutions. 
The amount of copper in solution is calculated by 
i comparing the value of the absorbance, corrected in the 
:! amount corresponding to the blank, after the addition of 
. ·] 
1Versenate, directly to the copper calibration curve, The 
: difference between the absorbance values before and after 
the addition of versenate is due to the zinc complex and 
; the zinc content is calculated by comparing this value to 
, the zinc calibration curve. Several checks of the cali-
-' brations curves for copper and zinc were made for each test 
·I 
1 because the absorbance varies slightly according to the 
\ 
'.) 
l 
J age of the Zincon solution. 
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APPEN'JIX l~ 
Buffer Character of the Mattsson's Solutions 
The reaction, 
+ + NH3 + H = NH4 , with 
-lO [NH3l [H+j 
K= 5,5x10 = 
[NH!J 
and a combined concentration of 
corresponding to lM, These two conditions are 
equivalent to, 
[H+J = 10-7 and [NH~ i + [NH4] i = 1. 0 = [NH3] f +[NH:] f 
+ The initial concentration of NH3 and NH4 can be calcu-
lated from the equilibrium constant K, resulting, 
[NH:Ji = ,99453 and [NHJ]i = 0,00547 
All concentrations are expressed in mol/1. 
Now, the final equilibrium hydrogen ion concentration 
corresponding to a sudden addition of hydrogen ions of 10-JM 
wil be calculated,in order to show to what extent the equili-
brium hydrogen ion concentration is changed, 
; [tt+..!t, = 10-3 - [H1] reacted, and from the ammonia reaction 
J nresented early in this 
:! 
:! [NHt]f = [Ntt!] i 
,:t 
lj 
Appendix, 
- +] + ltt reacted where sub-indexes f 
j and i mean final and initial conditions respectively, 
'~ )~ 
,'.• Replacing these values in the equation for K, 
( [NH3] 1 -[H+Jreacted )( 10-3 [H+jreacted) 
( [NH;Ji +[H~)'eacted) 
solving [H+] reacted· from this equation, results a 
[ H1 reacted= 9. 999x10-4 , so, 
[ +J -4 -4 -7 H f = 10,0xlO · - 9,999x10 = 10 
7.2 
= 5,5xlo-10 
I I 
', 
As can be seen, in these conditions the change in 
~-
;1 pH is for practical purposes null. 
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1~~ riata and Calculations for Section 4. 2 
-~1 
: :j Table presents the data obtained from the experiments 
, :f performed on the stress corrosion cracks and the respective 
, :1 spectrophotometric analysis of the liquid samples. 
' ' 
'l'ABLE 9, 
, r.esul ts obtained for liquid of Stress Corrosion Crack Tests 
if Headings are defined at end of table. 
J JI 
l 
?. 
J 
h 
( 
) 
6 
7 
Pi 
7,2 
7,2 
7,2 
7,2 
7,2 
7,2 
7,2 
7,2 
6,6 
6,6 
6,6 
6,6 
6,6 
6,6 
5,3 
5,3 
5,3 
5,3 
5.J 
7,2 
7,2 
7,2 
6,6 
6,6 
G,6 
5.J 
5,3 
III 
0.00350 
0,00280 
0.00387 
0.00705 
0. 00525 
0, 00621 
0,00303 
0.00165 
0, 002L1,7 
0.00317 
0.00101 
0 I 00208 
0.00272 
0,00285 
O. 001}68 
0.00199 
0. 00327 
0.00287 
0.00137 
0.00989 
0 I 00520 
0, OOL1-78 
0,00518 
0.00531 
0.00642 
0. 00326 
0.00292 
IV 
0.00330 
0.00268 
0.00371 
0.00677 
0, 0050LJ, 
0.00596 
0.00291 
0.00159 
0.00237 
0, 0030/t 
0.00097 
0.00200 
0.00262 
0, 0027L1, 
o.ooh50 
0.00191 
o.003111-
0.00276 
0.00132 
0.00950 
0.00500 
0,00460 
0.00498 
0.00592 
0.00617 
0.00313 
0.00281 
V 
,250 
.2200 
I 311-50 
.2550 
,3000 
,3800 
, LJ,QltQ 
,2360 
.2190 
.o6ho 
, 1300 
.0570 
,0820 
• l}J.j, 5 o 
, L1,l1,5 0 
.0700 
.2100 
.1160 
.0700 
.2200 
.1450 
.1900 
.1240 
.1130 
.0220 
,0930 
.1000 
VI 
.111-7 
.197 
• 230 
.090 
.125 
.185 
, 11+8 
.080 
.091 
.080 
.128 
.060 
, Ol1,R 
,317 
.156 
,050 
,130 
.022 
.023 
VII VIII IX 
3 I 40 2 .11-5 
J, 50 3, L1,5 
5,50 11,,05 
J}. 00 1. 55 
L1,, 75 2, 20 
6.oo 3,25 
J,55 2.50 
2.05 1.11-0 
2.95 1.50 
0,85 1,JO 
1.70 2.10 
0,75 1.00 
1~05 0,80 
6,05 5,10 
6, 10 2 I 60 
0,95 0,80 
2,9 2.10 
1,55 .40 
0 I 90 I 40 
3,50 
2.JO -
2.60 -
1.65 
1.50 -
0.30 
1.25 
1.35 
1 
2 
2 
2 
2 
2 
J 
J 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
1 
1 
1 
1 
1 
1 
?,i I Sample number, corresponding with the samples of Table 4 ~~ Section l.i,, 2 
II pH of Mattson' a solution 
II Weight of liquid picked up by capillary 
74 
,1,/ 
,,t,, 
,,' 
,·i 1 1 
' •, 
\ 
\'. 
IV Volume of liquid picked up by capillary, was obtained by 
dividing column III by the density of Mattson's solu-
tion, found to be 1,04 g/ml 
V Absorbance corresponding to copper 
VI Absorbance corresponding to zinc 
VII Copper concentration of zinc on solution prepared with 
. -6g/5 . sample, in 10 0ml solution 
VIII Zinc concentration of zincon solution prepared with sample 
. 1 - 6g15 . in O 0ml solution 
IX Identification number of calibration curves used to deter-
mine values of columns VII and VIII from absorbance values 
obtained for the zincon solutions plus sample, 
TABLE 10 
Concentration of Mattson's Solutions 
pample PH Copper g/1 
Ml 7,2 0,37 
r.~2 7,2 o.44 
, MJ 
~ .. , 7,2 0,54 
: ·.1 
-',i 
, :~u 6.6 0,JJ 
·:~5 
! 6,6 0.25 
-. 
i 
1'.~6 6,6 0.05 
,. ~7 ~~ . I 5,3 o.4o 
5,3 0,48 
Table 4 of section 4,2 was calculated from the previous 
ata in the following ways 
75 
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i 
Copper concentration column in Table 4, section 4,2, 
calculated dividing column VII by column IV. 
Zinc concentration column in Table 4, section 4.2, 
Jvas calculated di vi ding column VIII by column IV. 
Cu solution concentration column is equivalent to co-
lumn copper (g/1) of TablelO of this Appendix. 
Cu generated by corrosion column is the difference 
between the copper concentration of the sample and the 
copper concentration, of the respective Mattson' s solution, 
The standard deviations presented in section 4.2 were 
calculated from the following equations 
j·~ - 2 ' S= 2.__ (Xi-X) /(n-1) 
i=l 
Sis standard deviation, Xi value of the variable being 
-
evaluated at test i and Xis the arithmetic mean of the va-
riable for n tests, The arithmetic mean was calculated from 
the following relation, 
-X = 
m ( Exi)/n 
i=l 
When analyzing the standard deviation of the capillary 
. '( 
. ·Jmethod, the percentage of the difference with respect to the 
. :1 
'.Javerage value was used instead of the difference and finally 
;jthe standard deviation in the cases of the copper to zinc 
/! 
1ratios at the different pH was .converted to percentage of the 
., 
. arithmetic mean and in this way is reported in section 4,2, 
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APPENDIX 6 
Spectra· of th·e Auger Electron Spectroscopy Tests 
The ~igures 1A to 20A included in this appendix correspond 
the spectra obtained as a result: of the Auger electron 
?1 spectrosc_opy tests performed on the different surfaces, 
Figures 1A to 4A are the spectra obtained for the specimens, 
:: on the plain surfaces unaffected by stressing, but affected by 
·. the action of the corrodent during one hour, at different 
· intensities of ion etching, 
Figures 5A to 9A correspond to the polished plain surface 
unaffected by either stressing or the corrodent, at different 
levels of ion etching, 
~igures lOA to 13A correspond to the spectra of the unco-
: · rroded plain surfaces when left to contamination within the 
, vacuum system of the spectrometer, 
Figures 14A to 20A correspond to the analysis performed 
. on the sec surface and the fractured surfaces of samples 
· that were immersed in Mattsson's solutions of pH 5,3, 6,6, and 
7,2, 
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